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MOTION SYSTEM WITH SENSOR OUTPUTS
AND HAPTIC CONTROLS

RELATED APPLICATION

This application claims the benefit of U.S. Provisional
Application No. 62/562,011, filed on Sep. 22, 2017. The
entire teachings of the above application are incorporated
herein by reference.

BACKGROUND

In conventional embedded motion control integrated cir-
cuits (ICs) and subsystems, data from connected sensors
(thermal sensors, encoder inputs, motor windings, input/
output sensors and others) 1s generally made available to a
higher level control system. Oftentimes such a higher level
control system consists of a microprocessor, microcon-
troller, PC, single board computer and the like. Generally
such higher level controllers are 1n turn connected over a
network (be 1t wired or wireless) to a central data collection
and storage system. Typically, data from the embedded
motion control ICs and subsystems 1s generated at a high
frequency (sometimes at less than 1 ms intervals) and
because there are a lot of data points associated with the
motion control ICs and subsystems, this data traflic con-
sumes significant network and storage resources.

SUMMARY

Example embodiments provide for optimized communi-
cations within a motion control system. In particular, the
communications may provide data streams between com-
ponents of the motion control that are derived from observed
variables of the motion system such as a position, position
error, cumulative position error, velocity, velocity error,
cumulative velocity error, acceleration, acceleration error,
cumulative acceleration error, a current, a motor winding
temperature an amplifier component temperature, a torque,
a jerk, a resonant {frequency, a motion completion time or
any other measurable or observable or derived parameter 1n
the motion system including combination parameters from
simultaneously running multiple axis and control loops.
Further, a measurement data stream may be optimized such
that only motion system drift errors are reported to higher-
level controllers.

In many cases, the data from sensors 1s relatively stable
and does not change much over time. As an example, a
motor temperature tends to change slowly or not at all. For
those kinds of data points, 1t would be desirable to not report
the actual data for every measurement cycle, but rather to
only report 11 the data 1s drifting over time. Optionally, one
may also report a mean value and deviation of the data point
over a short time interval and then compare that measure-
ment to a similar mean value and deviation of the data point
taken at a later time. For example, 1f the motion system 1s in
principle able to generate data points for a motor winding
temperature every millisecond, one may assume that this
data does not change faster than the thermal time constant of
the motor (which generally 1s minutes, not milliseconds). In
that situation, one may make a small set of measurements,
say 30, for 30 milliseconds, store the calculated mean and
standard deviation locally on the motion IC for those 30
points and then repeat the measurement set a minute later,
collecting another 30 data points and calculating another
mean and standard deviation. Only 1f the second mean and
standard deviation have drifted 1n a statistically significant

10

15

20

25

30

35

40

45

50

55

60

65

2

way would an error be raised and sent to the higher level
controllers. By reducing the measurement data in this way,
no information 1s really lost, only driit events are reported
(and potentially the mean and standard deviation of the
various data sets), thereby significantly reducing network
traflic between the motion IC and higher level controllers as
well as the need for data storage requirements at those higher
level controllers. In the case where a driit even has occurred
the motion IC may still start reporting motor winding
temperatures at the “normal” one millisecond interval,
thereby temporarily allowing for a more detailed data col-
lection rate. An algorithm can be designed that automatically
switches between reporting of summary data and reporting,
of detail data, based on the analysis of the data points
coming in. For example, 1f a first set of 30 measurements and
an immediate second set of 30 measurements have the same
mean and standard deviation, than the time to start measur-
ing a third set of measurements may automatically be
delayed by a set amount of time.

Example embodiments include a system that provides a
cost eflicient, controllable and eflicient method to capture a
motion control data stream, process it and provide error
handles while simultaneously not overloading the motion
control network and higher level system database resources

In motion control subsystems, there often exists a need to
provide feedback feeling (i.e., haptic feedback) to an opera-
tor of the system. For example, 1n robotic surgery, 1t would
be very helptul 1t the surgeon can “feel” how much resis-
tance the robot 1s encountering. Conventionally, one may
collect torque data from the robot motor through the motion
control subsystem connected to the robot motor, send it up
through a motion network to a second motion controller that
imparts a force or vibration onto the surgeon’s hand through
a motor connected to a handle or fixture (e.g., the haptic
motor). However, this method relies on the motion network
to not have already too much data traflic and 1n most motion
control systems, the connection between the motion control
subsystem connected to the robot motor and the motion
control subsystem connected to the haptic motor imparting
a force or vibration to the surgeon’s hand would go through
a master controller, wherein 1t controls the motion network
and the two motion subsystems connected to actual motors
are slave axis on the network. This results in the need for
processing of motion commands on the master controller
and creates both a lot of unnecessary network traflic and
computational resources on the master controller. Instead
one may take the direct current measurement or position
encoder information from the robot motor and simultane-
ously share the current between the robot motor motion
subsystem and the haptic motor controller subsystem,
thereby eliminating motion network data traflic and compu-
tational resources at the master controller level.

Thus, there remains a need for a system that provides an
casy way to controllably connect two motion systems 1in
order to provide a feedback signal to an operator, while at
the same time not to burden a motion network with too much
data trafhic.

Provided herein are methods and systems used for the
cllicient aggregation of low level sensor data and reporting
of such data to higher level controllers. In accordance with
one or more embodiments, sensor data from a low level
component, such as for example an amplifier, encoder,
temperature sensor, or current sensor 1s measured a set
number of times by an embedded microprocessor, DSP,
ASIC, or microcontroller and a statistical mean and devia-
tion are calculated and stored. At a later time interval, a
second set of measurements 1s made and a second mean and
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standard deviation are calculated for the same signal. In
example embodiments, the embedded microprocessor, DSP,
or microcontroller may compare the mean and deviations
from the first and second measurement sequences and 1f
control limits for drift are exceeded, sends an error to a
higher level system controller. In example embodiments,
such a higher level controller contains a data storage device
or mechanism. In some embodiments, the embedded micro-
controller, DSP, ASIC or microprocessor may only send
summary data or error driit data to the higher level controller
thereby significantly reducing network traflic and data stor-
age requirements between the embedded controller and the
higher level controller. In turther embodiments, the embed-
ded microcontroller, DSP, ASIC or microprocessor calcu-
lates a running mean and standard deviation from the sensor
data stream. The embedded microcontroller, DSP, ASIC or
microprocessor stores summary data (mean and standard
deviation) only rather than individual measurement data. In
embodiments such reduced data sets are compared to
reduced datasets that are subsequently measured. In embodi-
ments the data can be any parameter associated with the
motion system such as a position, position error, cumulative
position error, velocity, velocity error, cumulative velocity
error, acceleration, acceleration error, cumulative accelera-
tion error, a current, a motor winding temperature an ampli-
fler component temperature, a torque, a jerk, a resonant
frequency, a motion completion time or any other measur-
able or observable or derived parameter in the motion
system including combination parameters from simultane-
ously running multiple axis and control systems. A motion
parameter may have an upper control limit (UCL) 401 or a
lower control limit (LCL) 402 or both or additional soft
warning limats.

In further embodiments, a reduced dataset from a lower
level sensor in a lower level control module 1s used and
compared to a reduced dataset generated from a sensor
connected to a higher level control module and the com-
bined resulting error 1s forwarded to a higher level control
function for further processing and or reporting.

Provided herein are methods and systems used for the
cilicient feedback of motion system exerted forces to an
operator. In example embodiments, a motion system con-
s1sting of two linked motion control units, where the encoder
ol a first motor 1s simultaneously used to control a first motor
control system as well as a input into an auxiliary mput for
a second motor control system, and where the encoder for
the second motor 1s simultaneously used to control a second
motor control system as well as a input into an auxiliary
input for a first motor control system. In example embodi-
ments, the encoder feedback from a haptic device (joy stick)
1s Ted simultaneously to the position loop mnput of the haptic
device (Joy stick) and to the aux encoder mmput of a main
motor system. In example embodiments, the encoder feed-
back from a main motor system 1s fed simultaneously to the
position loop of the main motor system and the aux encoder
input of a haptic device (Joy stick). In example embodi-
ments, the current sensed 1n the windings of the first motor
1s also shared with the control system for the second motor
and vice versa. In example embodiments, the first motion
control unit takes the current sense signal from the main
motor and adds 1t to the current loop of the haptic motor
system. In example embodiments, the haptic motor may be
a vibrating motor or a torque motor.

In an example embodiment, a motor control module
includes an amplifier subsystem and a profile generation
subsystem. The amplifier subsystem may be configured to
drive a motor and output motor data indicating status of the
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motor. The profile generation subsystem may be configured
to 1ssue motor control commands to the amplifier subsystem.
The profile generation subsystem may be further configured
to 1) generate motor summary data based on the motor data,
and 2) selectively output an error signal based on at least one
of the motor data and motor summary data.

In further embodiments, the motor control module may
include a local sub-host configured to generate module
summary data based on the motor summary data, the error
signal and profile generation subsystem status data, the local
sub-host further configured to forward the module summary
data to a motor control host. The amplifier subsystem may
be further configured to generate the motor data based on at
least one measured value of the motor.

The motor data, motor summary data and measured value
may 1nclude one or more of motor temperature, motor
winding temperature, average temperature, deviation of
temperature and temperature drift. The motor data, motor
summary data and measured value may include one or more
of motor current, average current, deviation of current and
current drift. The motor data, motor summary data and
measured value may iclude one or more of motor position,
position error, cumulative position error, motor velocity,
velocity error, cumulative velocity error, motor acceleration,
acceleration error, cumulative acceleration error, an ampli-
fler component temperature, motor torque, motor jerk, a
resonant frequency of the motor, and motor motion comple-
tion time. The amplifier subsystem may include a current
sensor configured to measure a current at the motor and
output current data to the profile generation subsystem. The
motor summary data may include at least one of average
current, deviation of current and current drift based on the
current data.

In still further embodiments, the motor data may include
indications of temperature and current of the motor, where
the profile generation subsystem 1s further configured to 1)
determine whether the temperature and current exhibit a
drift, and 2) selectively output the error signal to indicate the
drift. The profile generation subsystem may include a cur-
rent loop unit, a position loop unit, and a profile generator.
The current loop unit may be further configured to generate
current summary data based on measured current at the
motor, where the motor summary data includes the current
summary data. The position loop unit may be further con-
figured to generate position summary data based on mea-
sured positions of the motor, the motor summary data
including the current summary data.

Further embodiments include a method of operating a
motor control module. The method may include, at an
amplifier subsystem, 1) driving a motor, and 2) outputting
motor data indicating status of the motor. The method may
turther include, at a profile generation subsystem, 1) issuing
motor control commands to the amplifier subsystem, 2)
generating motor summary data based on the motor data,
and 3) selectively outputting an error signal based on at least
one of the motor data and motor summary data.

Still further embodiments include a method of operating
a motor control module. The method may include, at an
amplifier subsystem, 1) driving a motor, 2) generating motor
data indicating status of the motor, and 3) generating motor
summary data based on the motor data. The method may
turther include, at a profile generation subsystem, 1) issuing
motor control commands to the amplifier subsystem; 2)
receiving at least one of the motor data and motor summary
data from the amplifier subsystem, and 3) selectively out-
putting an error signal based on at least one of the motor data
and motor summary data.




US 10,481,598 B2

S

Yet further embodiments include a method of operating a
motor control module. The method may 1include 1) receiving,
first motor data indicating status of a motor, 2) calculating,
at an amplifier subsystem, motor summary data based on the
motor data, 3) determining, at a profile generation subsys-
tem, whether the motor data exhibits a drift based on the, and
4) selectively outputting an error signal based on the drit.

Further embodiments include a motion system compris-
ing first and second motor control modules. The first motor
control module may include a first position loop configured
to receive position encoder data from the a first motor and
a second motor, where the first motor control module
configured to control the first motor based on the position
encoder data from the first and second motors. The second
motor control module may include a second position loop
configured to receive the position encoder data from the first
and second motors, where the second motor control module
configured to control the second motor based on the position
encoder data from the first and second motors.

The second motor may be integral to a manual controller,
and the second motor may be configured to 1) generate
haptic feedback to a user, and 2) generate the position
encoder data of the second motor as a function of a manual
input by the user. A sub-host may be configured to generate
motor control commands to the first and second motor
control modules. A transform module may be configured to
inverse transform a measured torque of at least one of the
first and second motors and forward a transformed measured
torque to the sub-host. A first motor subsystem may include
the first motor control module and a third motor control
module configured to control a third motor based on the
position encoder data from at least one of the first and
second motors. A second motor subsystem may include the
second motor control module. The second motor subsystem
may further include a fourth motor control module config-
ured to control a fourth motor based on the position encoder
data from at least one of the first and second motors.

Further embodiments include a method of operating a
motor control module. The method may include, at a first
processing block 1 a processing chain, 1) receiving first
motor data indicating status of a motor, 2) calculating at least
one of a mean and a standard deviation of the first motor
data, 3) storing the first calculated data as a first stored value,
4) waitting a set period of time, 5) receiving second motor
data indicating status of a motor, 6) calculating at least one
of a mean and a standard deviation of the second motor data,
7) storing the second calculated data as a second stored
value, 8) determining 11 a drift from the first stored value has
occurred, and 9) outputting first summary data, the first
summary data indicating at least one of the mean and a drift
from a stored status value. The method may turther include,
at a second processing block in the processing chain, 1)
receiving the first summary data indicating drift of a motor,

and 2) determining an error action based on the drift of a
motor.

BRIEF DESCRIPTION OF TH.

L1

DRAWINGS

FIG. 1 1llustrates motion control system 1n which embodi-
ments of the mvention may be implemented.

FIG. 2 illustrates a motion control system 1n a further
embodiment.

FIG. 3 illustrates the flow of measurement data and
sources of error-messages by some of the local subsystems
of the motion control system of FIG. 2.
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FIG. 4 shows a measurement graph of a single motion
system parameter as a function of time with example control
limits.

FIG. 5 1llustrates the concept of drift 1n a measurement of
a single motion system parameter with repeated measure-
ments ol the parameter with an interval of time between
measurement sets.

FIG. 6 shows a possible calculation flow diagram that
measures multiple data sets separated by an interval and
calculates a running mean and deviation while providing an
error 1f a measurement set exhibits drift outside of preset
parameters.

FIG. 7A 1illustrates the reduced summary datatlow and
errors 1n the motion control system of FIG. 2.

FIG. 7B 1llustrates an example of reducing a datatlow 1n
an amplifier module and comparing its measurements and
summary data with a dataflow 1n a current loop module,
which also has its own measurements and summary data.

FIG. 8 illustrates and example motion profile using a
trapezoidal velocity profile.

FIG. 9 illustrates and example motion profile using an
S-curve velocity profile and also illustrates a cumulative
position error.

FIG. 10A 1illustrates the amplitude signal response 1n a
Bode plot of a mechanical system coupled to a motion
control system which exhibits resonant frequency drift
between subsequent Bode plot measurements.

FIG. 10B illustrates the phase signal response 1n a Bode
plot of a mechanical system coupled to a motion control
system which exhibits resonant frequency drift between
subsequent Bode plot measurements.

FIG. 11 A shows a first motion control system of FIG. 2
coupled to a mechanical motor/encoder system, wherein the
first motion control system i1s also coupled to a second
motion control system, which 1 turn i1s coupled to an
operator mput system.

FIG. 11B shows a modified version of the system 1n FIG.
11, wherein the second motion control system only contains
a drive stage for coupling to an operator input system.

FIG. 11C 1llustrates a system in a further embodiment,
wherein two 2-axis systems are connected through a local
sub-host that manages the motion transforms between the
two 2-axis systems.

FIG. 12 1llustrates a motion control functional diagram
and indicates how the motion control system and operator
input systems can be functionally coupled to deliver a haptic
response to an operator.

FIG. 13 illustrates a haptic system 1n a further embodi-
ment, configured for control of an engine lever simulating a
virtual detent 1n a position wherein a reference position 1s
used to determine the feedback mode.

FIG. 14 illustrates a haptic system i1n a further embodi-
ment, wherein a strain gauge signal 1s fed back to a joy stick
motor wherein a current input 1s used to determine the
teedback to the joystick.

DETAILED DESCRIPTION

FIG. 1 1s a block diagram of a motion control system 100
in which embodiments of the invention may be 1mple-
mented. The system 100 includes a motion control system
103. An optional host computer 101 (often a Personal
Computer, Single Board Computer, Central Processing Unait
or Micro Controller) sends a command over connection 102
to a sub-host 117, which may be located near the motion
system 103. The sub-host 117 may include a microcontroller
or microprocessor able to execute a command with our
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without support from the main host 101. The sub-host 117
sends a command over connection 118 to a motion profile
control system 104 that comprises of two major subsystems:
a profile (or trajectory) generation system 105 and a position
loop closure system 106. The profile generator system 105
generates a series ol points over time for the position loop
closure system 106 to execute. These points can also be
generated by the higher level controllers 101 or 117 1n which
case the profile generator 103 1s 1active.

The position loop closure system 106 receives a position
teedback signal 115 from a position encoder 112 and com-
pares that to the commanded generated by the profile
generation system 105. A difference in position 1s sent as a
signal 119 to an amplifier subsystem 107 that consists of
three further distinct sub-systems: a current loop control
system 108, an amplifier stage (also known as a drive stage)
109 and a current sense system 114 which senses the actual
current 1n a motor 111. The amplifier stage 109 receives
power from a power supply 110 which 1s used to power the
motor 111. The motor 111 1s usually but not always shaft
coupled to a position encoder 112 and drives a load 113
which can be a mechanical system such as a belt, arm, slide
or other mechanical system. The motion profile control
system 104 may be implemented on an Integrated Circuit
such as a Digital Signal Processor (DSP), Application Spe-
cific Integrated Circuit (ASIC) or microprocessor. Such a
motion profile control system 104 can control multiple axis
of motion simultaneously, which for clarity 1s not shown 1n
the figure. The amplifier subsystem 107 can be an electronic
circuit integrated on the same printed circuit board as the
motion profile control subsystem 104 and sub-host 117, or
can be a separate unit, communicating over signal connec-
tion 119 which can be a serial communication over parallel
interface (SPI) or an analog voltage, usually a +10 to —10V
signal or a pulse and direction signal or some other deter-
ministic network connection.

FIG. 2 1s a block diagram of a system 200 in which
example embodiment may be implemented. The system 200
differs from the system of FIG. 1 particularly in that that the
current loop control system 108 1s a functional component of
the profile generation system 201, which includes three
major subsystems: the profile generation subsystem 105, the
position loop closer subsystem 106 and the current loop
closure subsystem 108. The main advantage of this configu-
ration 1s that a tighter integration between the position
control loop 106 and the current control loop 108 1s possible,
allowing for a more complex control system and better
control over feedforward acceleration and velocity terms as
described below. The amplifier section 203 may thus include
two subsystems: the amplifier stage 109 and the current
sense subsystem 114. The profile generation system 201 can
be implemented as a single integrated circuit whereas the
amplifier section 109 and the current sense section 114 are
usually larger systems each containing multiple compo-
nents. The motion profile control system 201 1s often imple-
mented on an Integrated Circuit such as a Digital Signal
Processor (DSP), Application Specific Integrated Circuit
(ASIC) or microprocessor. Often times such a motion profile
control system 201 can control multiple axis of motion
simultaneously, which for clarity 1s not shown in the figure.
The amplifier subsystem 203 can be an electronic circuit
integrated on the same printed circuit board as the motion
profile control subsystem 201 and sub-host 117, or can be a
separate unit, communicating over signal connection 202
which can be a serial communication over parallel interface
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(SPI) or an analog voltage, usually a +10 to —10V signal or
a pulse and direction signal or some other deterministic
network connection.

FIG. 3 illustrates data flow 1n the system 200 of FIG. 2.
Position data (and possible error data) 301 are sent as part of
the position feedback signal 115 which comes from the
encoder 112 or Hall sensors (not shown) as part of the motor
111 1tself. Motor data (such as current 1n a winding) 302 1s
sent to the current sense subsystem 114. Generally the data
thus generated 1s passed on from the amplifier stage 109
through the current loop subsystem 108 as a data stream 303
to the position loop system 106 and on to the profile
generator 1035 as data streams 304 and 303 respectively and
further on through the sub-host 117 and ultimately to the
host 101 as data streams 306 and 307 respectively. Often-
times a limit 1s implemented somewhere along the data
streams 303 through 307 and 1f such a limit 1s exceeded and
error 15 sent further upstream instead. In increasingly com-
plex motion systems the amount of data generated in the
subsystems can be substantial and in order to understand
errors a host 101 or sub-host 117 system oiten needs direct
access to the underlying measurement data. It 1s often
unclear however what the underlying data trends are and
often the host 101 or sub-host 117 collects a substantial
amount of data and requires a substantial amount of
resources and data storage facilities to perform data analysis
and trending. This increases the required performance
parameters of the processors involved in the host 101 and/or
sub-host 117 and increases the amount of network commu-
nications between the subsystems over interface connections
202, 119, 118 and 102.

FIG. 4 shows a hypothetical series of measurements of a
motion parameter as function of time. The parameter can be
any parameter associated with the motion system such as a
position, position error, cumulative position error, velocity,
velocity error, cumulative velocity error, acceleration, accel-
eration error, cumulative acceleration error, a current, a
temperature, a torque, a jerk or any other measurable or
observable or derived parameter i the motion system
including combination parameters from simultaneously run-
ning multiple axis and control systems. A motion parameter
may have an upper control limit (UCL) 401 or a lower
control limit (LCL) 402 or both or additional soft warning
limits (not shown). If one of the measurements 403 exceeds
one of the limits an error 1s generated and sent upstream
through the motion control system as described in the
previous figure. However, in the motion systems known in
the art the data and errors thus generated are often simply
sent up stream as described earlier as well. It would be very
useiul for the motion system to be able to generate local
statistics such as a Mean 405 and Deviation 404.

FIG. 5 illustrates two diflerent example datasets 501 and
503 separated by a time interval. In the present example a
first data set 501 1s collected with enough samples to be able
to calculate a mean 502 and deviation 503 with a reasonable
certainty (e.g., 30 measurement points). In the present
example, a lower control limit LCL 507 1s implemented as
a means of control. After a time interval, a second data set
504 1s generated and a new mean 505 and deviation 506 are
calculated on the second data set 504. In the present
example, both the mean and the deviation have changed
measurably although the lower control limit LCL 3507 was
never exceeded.

FIG. 6 shows a block diagram of an example method to
generate a mean and deviation without requiring a large
memory space to be utilized. At the start 601 of the mea-
surements 602, a number of initial values are set 603 such
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as a counter N=1, a maximum number of measurements in
the data set N =30, a repeat interval R=100, and an 1nitial
guess for the mean A, which is set to the first measurement
value X, and deviation S, which is set to 0. The value for the
repeat interval can be set to 1gnore a number of measure-
ments or may be set to 0, meaming that the second set
immediately starts after the first data set 1s completed. The
next variable X, for N=2 1s measured 1n 604 and the running,

mean A,; and deviation S,; are updated with the formula 1n
605:

A=Ay *(N-1)+XN)/IN
and

Sn=Sqrt(Sy-y “* (N=2)/(N=1)+(Xn~An)*/(N-1))

The sequence of measurements 1s repeated through 606
until N=N, . and the last values of A,; and S,, for N=N, ,, .-
are stored 607. If the repeat interval R has been reached 1n
611, the measurements are repeated and a second data set 1s
generated using the same process. I the repeat interval R has
not been reached 612 increments N and the sequence 1gnores
measurements until the repeat interval 1s reached and a new
measurement set 1s started. The new A,; and S, values are
compared to the stored values i 609 and 1f they are
significantly different can be reported upon as a driit error
610. The sequence from FIG. 6 only required a small
number of variables to be stored and updated (N, which can
also be time, R, N, .+, A\, S, and some optional variables
that can be set to determine when to report a driit error, for
example a varniable X that can control for the drift 1in the
mean and a variable Y that can control for a drift in the
deviation. Because the above calculation scheme can be
implemented at a low level of the motion system, for
example on the amplifier 109 1 FIG. 1 or on the motion
control subsystems 105, 106 and 108 in the same figure.
Because the amount of memory available at these subsys-
tems 1s usually limited and, because the communication
bandwidth 1s primarily reserved for motion related signals,
the data-reduction scheme from FIG. 6 can be used to
significantly reduce the amount of signal traflic and memory
usage 1n and between the subsystems 105, 106, 108, 109 and
the sub host 117.

FIG. 7A 1s a block diagram of the system 200 illustrating,
how motor summary data from FIG. 6 can be implemented
across a motion control system 103. The amplifier stage 109,
rather than providing a continuous stream of measurements,
instead provides a calculation of summary data as 1n FIG. 6
and passes the summary data and error messages 701 to the
current loop system 108, which can pass on such summary
data or generate its own summary data and errors 702 to the
position loop system 106 which again can pass 1t on or
generate 1ts own summary data and errors and send them
over connection 703 to the profile generation subsystem 105
which can generate 1ts own summary data and errors and
send them on to the sub-host 117 over connection 704,
which can react to them or send them on 705 to the host 101.
There may be additional data 707 from the motor 111 and
data or errors 706 from the encoder 112, which can either be
passed on or processed as described above by the various
subsystems. In this way a much better understanding of
parameter drift in the various subsystems can be attained
while at the same time reducing signal traflic between
subsystems.

FIG. 7B 1s a block diagram illustrating an example of
generating summary data and Alarm/Error generation 1n the
two lowest-level modules (the current loop/FOC module
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108 of FIG. 1 and the amplifier module 109 of FIG. 1) and
how this data can be compared and used at a low level to
report trends only from a motion control subsystem. In the
present example, a temperature sensor 754 for example
connected to a Field Effect Transistor (FET) senses the
temperature of the FET. A section of embedded code 753,
which 1s a simplified representation of the calculation ﬂow
of FIG. 6, 1s initialized and a trend of the FET temperature
1s calculated as has been explained above. Both the 1nitial
FET temperature (average and standard deviation) are mea-
sured and 11 a drift or change 1s detected, the information
(average, drift rate etc) 1s passed through communication
channel 701 to the Current Loop/FOC module 108 as was
shown 1n FIG. 7A. The information from the amplifier can
be passed directly further upstream to for example a position
loop module 106 as was shown FIG. 7A, but 1t can also be
used 1n the Current Loop/FOC module 108 and (for
example) can be compared to other measurements in the
Current Loop/FOC module 108. In the present example, the
Current Loop/FOC module also measures the current 1n a
Current Sense Resistor 114 which 1s used to measure the
current in a winding 7535 of a motor. A second section of
embedded logic code 752 i1s imtialized and a drift and
deviation 1s measured and compared to the initialization
measurements, as described above with reference to FIG. 6.

The resulting information 1s sent to an additional set of
logic code 751, which compares the information from the
Amplifier logic 753 with the information from the local
current measurement 752 and decides to send an error over
interface 702 to the next higher level controller as was
shown i FIG. 7A. At each level of the control system,
multiple measurements can be made, averaged and trend
analyzed and those results can be sent to a higher level
control logic code where they are combined with additional
measurements ol local sensor trends or can be sent straight
on to a yet higher level controller. This approach results 1n
a significant reduction in data across the communication
channels 701, 702 etc. because only errors or drifts and
changes in deviation are reported and combined with other
variables measured at a higher level.

FIG. 8 shows an example of several motion system
parameters, such as position 801, velocity 802, acceleration
803 and jerk 804. In the 1dealized trapezoidal motion of FIG.
8 the jerk 1s essentially infinite because of the mnitial accel-
cration at time t=0. Such a system 1s oiten not optimal
because the high jerk will cause significant vibrations in the
system and many methods have been dertved to overcome
these limitation while still allowing for fast move times. One
such approaches 1s the use of “S-curve” motion parameters
such as 1s shown 1n FIG. 9. The acceleration curve 905 now
resembles a more trapezoidal profile, which significantly
lowers the jerk profile 906. The velocity profile 904 and
position profile 901 are similar as 1mn FIG. 8, but the actual
position 902 will vary somewhat from the commanded
position profile 901. One may determine an absolute differ-
ence between the commanded profile 901 and the actual
position profile 902 and continually sum the absolute dii-
ference mto a cumulative absolute difference 903. Using the
scheme described 1n FIG. 6, the final cumulative error 907
may be stored and on a subsequent moves measured again.
The motion profile subsystem 105 in FIG. 1 and FIG. 2 may
be used to calculate such motion data on a move to move
basis. It 1s also possible to measure other motion systems
variables such as diflerences 1n commanded velocity, accel-
eration and other motion parameters of interest.

Another example of a parameter set of 1nterest 1s shown

in FIG. 10A and FIG. 10B. FIG. 10A illustrates the ampli-
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tude response of a motion system as a result of sending a
sinusoidal motion signal to the motor (known as a Bode
plot). The open loop amplitude response 1002 and closed
loop amplitude response 1001 are a result of when the
position loop control 106 from for example FIG. 1 1s
engaged. Conversely in FIG. 10B the open loop phase
response 1005 and closed loop phase response 1004 are
shown. A Bode plot as shown 1n the figures can often only
be generated when a motion system 1s 1dle. The example
Bode plot of FIG. 10A and FIG. 10B can be generated over
a wide frequency domain say from 1 Hz to 1,000 Hz. This
allows one to find resonant frequencies 1003 1n the ampli-
tude or 1006 1n the phase domain. The resonant frequencies
are usually associated with the mechanical response of the
motor 111 system to the load 113. After establishing the
primary resonant frequencies 1003 and 1006, a much shorter
Bode plot may be generated for example by only scanning
frequencies around the resonance say from 300 to 400 Hz.
IT 1n subsequent Bode scans a driit of the resonant frequency
1s observed that may mean a mechanical change has
occurred 1n the system, for example a bearing may have
worn, or a transmission belt may have loosened. As 1n the
previous example, the motion subsystem 106 may generate
these Bode plots at predetermined intervals and use the
approach of FIG. 6 to store and compare the values of the
resonant frequencies. Again the advantage of this method 1s
that one does not have to store all the measurement values
of the Bode plot, but rather a measured frequency maximum
1003 or 1006 may be stored and compared in subsequent
Bode plots. This again reduces the amount of signal traflic
and relieves the sub-host from having to store all the data
and computing the drift of the resonant frequencies, rather
the mformation 1s calculated at a low level and sent up as

summary (driit) data instead of being sent as raw measure-
ment data.

FIG. 11A 1illustrates a system 1100 that integrates the
motion control system 103 of FIG. 1 or FIG. 2 can be
integrated with a second motion control system 1118 to
provide a sensible feedback to an operator through means of
a motor 1110, encoder 1111 and load 1113 integrated to a
handheld device 1112 such as for example a Joy Stick handle
1114. Motor 1110 creates a vibration by means of an
asymmetrical load 1113 or creates a torque 1f load 1113 1s
coupled directly to the handle 1114. Either the vibration or
torque can be sensed by a human operator. The first motor
111 creates a force on the load 113 and this load 1s detected
through current sense 114. It 1s also detected by the position
loop 106 which will see a difference between a commanded
position and an actual position as measured by the encoder
112. As discussed before, the actual torque measured by
current sense 114 or the diflerence in position measured by
the position loop 106 can be passed through the motion
systems 105, 106 and 108 to the sub-host 117 or host 101,
which can then, 1n turn, send a motion command 1101 to the
second motion system 1118 coupled to the handheld device
1112.

The second motion system 1118 may include components
comparable to those of the first motion system, such as a
profile generator 1102, a position loop controller 1105, a
current loop controller 1106, an amplifier 1109, and a current
sense 1116. The motion subsystem 1103, consisting of the
profile generator 1102, position loop controller 1105 and
current loop controller 1106 can be integrated 1nto a single
integrated circuit such as a DSP, or CPU as described earlier.
The position of the handheld device 1112 or more specifi-
cally the handle 1114 1s determined by encoder 1111 which

signal 1115 1s fed back to the position loop controller 1105
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which 1n turn can send the position signal back through the
proflle generator 1103 to the sub-host 117. By coupling the
two motion systems over interface 1101 the hand held
device 1112 can be used to control the motor 111 and at the
same time the torque or resistance measured on motor 111 by
current sense 114 can be fed back to the hand held device
1112 and a handle 1114 can be made to vibrate or receive a
torque giving the operator a feeling of the torque in motor
111. This arrangement, however, results 1n a large amount of
messages 1101 between the two motion systems 103 and
1118. It 1s possible however, to create a control architecture
by taking the current sense output 114 and not only directing
it to the main current loop 108, but also directing it through
connection 1116 to the current loop 1106 of the second
motion system. By coupling the current sense signal to both
motion systems, a significant amount of messaging 1101 can
be eliminated, and reaction time can be reduced.

Further, the position loop controller 106 often can receive
two encoder mputs (commonly known as an auxiliary
encoder). One can take advantage of this additional encoder
interface by coupling encoder 112 through position feedback
signal 115 to both position loop 106’°s main encoder inter-
face and at the same time coupling the same signal though
1104 to the auxiliary encoder interface on position loop
controller 1105. Likewise encoder 1111 from the hand held
device 1112 can be mterfaced through position feedback
signal 1115 to the position loop controller 1106 of second
motion system as well as through connection 1117 to the
auxiliary encoder interface of position loop controller 106 of
the first motion system. By routing the signals in this fashion
the motion systems become essentially coupled and the
positions are closely tracking between the handheld device
1113 and the motor 111. The two motion systems 103 and
1118 can be implemented to run on a single IC, such as a
DSP, ASIC, FPGA, CPU or other processor and that the
present system can easily be extended to multi-axis systems
as well. For example, the hand held device 1112 can have
two or more degrees of freedom, each of which 1s separately
couple to one or more motion systems 103 either directly or
through means of a kinematics calculation that contains the
translation parameters between the hand held device 1112
and the mechanical system connected to motor 113.

FIG. 11B 1illustrates a system 1150 1n a further embodi-
ment. The system 1150 may be comparable to the system
1100 described above, but i1s simplified by reducing the
number of included components. In particular, the second
position control profile generator has been eliminated and
the second motion system 1151 1s reduced to essentially a
current loop control 1106 and an amplifier 1109. The
encoder in the motor 1110 can also be eliminated in certain
situation, particularly when the position of the handle 1114
1s not needed, such as the case when the feedback 1s a
vibrational feedback generated by rotating the motor 1110
with an asymmetric load 1113. In some situation even the
current feedback and current sense 1116 can be eliminated as
well.

FIG. 11C illustrates an example system 1170 1n a turther
embodiment, wherein two multi-axis systems are connected
through a local sub-host 1189, which manages the motion
transforms between the multi-axis systems. As shown in
FIG. 11C, two 2-axis systems 11735, 1176 are coupled
through a local CPU 1173, which also calculates transforms
between the two 2-axis systems. In further embodiments, the
systems 1175, 1176 may include one or more additional
axes. For example, the first two axis system 11735 may be a
two-axis robot arm, and the second two-axis system 1176
may be a two-axis joy-stick controller. Current commands
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(which may be proportional to a torque command) 1171 and
1172 are given by the local CPU 1173 through a transform
unit 1177 to the two-axis controllers 1182 and 1184, which
are connected to the motor/encoders 1181 and 1183 respec-
tively. At the same time, axis controllers 1182 and 1184 also
sense the current (torque) 1n the motors 1181 and 1183 and
send these values back to the transform unit 1177, which can
inverse transform them to be used by the sub-host 1189. The
local sub-host 1189 can also send current (torque) com-
mands through the transform unit 1177 to the other two-axis
system 1175 though connections 1179 and 1180. In appli-
cations where the two 2-axis systems 1175, 1176 are com-
municatively coupled (e.g., the second system 1176 1s
implemented in a two-axis joystick controller to control the
first system 1175 implemented as a two-axis robot arm), the
transform unit 1177 may operate to transform commands
and/or operation data between the systems 1175, 1176. In
further embodiments, the transform unit 1177 may be
embodied by two separate transform units, where each
transform unit interfaces with a respective one of the sys-
tems 1175, 1176.

The first 2-axis system 1173 includes two axis controllers
1186 and 1188 and two motor/encoders units 1185 and 1187.
The axis controllers 1186 and 1188 can run 1n torque mode
as shown, but can also run 1n position loop mode as shown
in light grey. By operating in position mode, the sub-host
1189 can use positions and trajectories to define for example
exclusion zones and areas where the robot arm 1s not
supposed to operate, regardless of the commands given by
the second 2-axis system 1176. Simultaneously, the two axis
controllers 1186 and 1188, also send current sense informa-
tion (torque) back to the sub-host 1189 through the mnverse)
transform computational unit 1177. It 1s possible to develop
a single-transform computational unit, such as an FPGA,
ASIC, DSP or similar microprocessor, that combines the
functionality of (inverse) transform umt 1177 and sub-host
1189 1nto a single unit. The (1inverse) transforms reflect the
mechanical systems used, and a generalized solver (e.g.,
Pikaila optimization program) can be used to simultaneously
solve the forward and inverse kinematics. Sub-host 1189
may not be necessary for inclusion except for setting up the
system and for starting and stopping the (1nverse) transtform
unit 1177, with the possible exception of providing exclu-
sion volumes as discussed earlier. As soon as the system 1s
operational, (inverse) transtorm unit 1177 can coordinate the
movement between the two 2-axis systems 1175 and 1176.

FIG. 12 1llustrates a functional diagram of the motion
subsystem 106 and 108 of FIG. 1 and FIG. 2. A target
position 1201 1s recerved from for example the sub-host as
shown 1n FIG. 1 and FIG. 2, but can also be received from
a sensor directly as will be shown i FIG. 13. The target
position 1201 1s compared to an actual position 1202 1ndi-
cated by an encoder (such as Encoder 112 i FIG. 1 or 2).
The target position 1201 and actual position 1202 are
compared and subtracted in node 1203 and the resulting
difference 1s sent to an integration loop consisting of an
integrator 1205, a summation operator 1204, an integration
limiter 1206 and an integration multiplier K, 1207 and
simultaneously 1s also sent to a proportional multiplier K,
1210 which multiplies the signal by a settable constant K .
The factors K , K, and the integration limit can be set by the
motion system user. In addition, an auxiliary encoder feed-
back 1226 1s sent to a differentiation subsystem consisting of
a differentiator 1213 a subtraction operator 1212 and a
multiplier operation K ;, 1214, where the signal 1s multiplied
with a factor K . In addition the differentiation subsystem
can also have a customizable signal processing function F(x)

10

15

20

25

30

35

40

45

50

55

60

65

14

1211 which may also take a target position 1225, which can
be the same as target position 1201 as will be shown 1n FIG.
13.

Furthermore, 1n advanced systems, a target velocity can
be defined and a velocity teedforward factor K, can mul-
tiplied 1n operation 1209, and well as a target acceleration
1215 which when multiplied with a K . (the acceleration
feed forward factor) and the result of all signals are added
together 1n operation 1208, and the final result 1s multiplied
by an output factor K_ . 1n operation 1216 and sent to a set
of filters 1217 (e.g., a BiQuad set of signal filters), resulting
in a position loop output 119 as indicated 1n the figure. The
preceding description 1s essentially the logic that 1s con-
tained 1n the position loop controller 106 1n FIG. 1 and FIG.
2.

The output of the position loop control 119 may then be
sent to three parallel (for a three phase motor) current loop
controls 1218, 1219 (who’s details are not shown) and 1220
(Which 1s the current loop control for a single phase motor.
Two and Three phase motors would have a similar current
loop connected at 1218 and 1219). For a single phase motor
the current loop control 1s shown and consists of a subtrac-
tion operation 1220 which outputs the difference between
the desired current (essentially the output 119) and the actual
current 1n the motor winding 1224 as measured by current
sense resistor 1227. The diflerence operator 1220 output 1s
sent to an integrator 1230 (consisting of an 1integration
current limiter 1229, summation operator 1228 and multi-
plier 1231 which takes an K., ., as input) and a propor-
tional multiplier 1221 which takes an input K ,,,.,,,,.,)- The
output of the integrator 1230 and proportional multiplier
1221 are added together in summation operator 1222 and the
result 1s sent to an amplifier 1223 which receives power from
power supply 1235.

An optional circuit consists of current sense 1233, which
may be comparable to the current sense block 1106 1n FIG.
11A and FIG. 11B. The current from the other motor system
1s multiplied by a proportionality multiplier 1234 K ., .
and the result 1s processed 1n customizable function 1232
G(x) and added to the current sense 1227 from motor 1
phase A. The programmable function G(x) 1232 1s a user
defined function that processes the mmcoming signals from
the two current sense resistors 1227 and 1233 1n such a way
as to provide a desired input to the current loop circuit. In
this way the current (which represents motor torque) can be
processed and sent to control a motor as will be shown 1n
FIG. 14.

FIG. 13 1llustrates an implementation of a coupled haptic
system based on a position signal (using F(x) in FIG. 12) for
a multi-throttle engine control system, such as 1s used, by
way ol example, on large vessels. In such an application,
multiple throttle stations are used to control a single engine.
Each station can simulate the feel of a detent (usually a ball
pressed by a spring into a notch). The configuration of one
such throttle station 1s shown 1n the figure. A human hand
1312 pushes against a master throttle lever 1311. The lever
1311 turns a motor 1310, which has a position encoder 1309
connected to 1t. The encoder 1309 sends its position signal
1313 to a number of places: a number of slave throttle
controllers (not shown) so that they may assume the same
physical position as the master throttle lever 1311, the main
engine throttle which changes the engine speed, and to a
control circuit consisting of a first set commanded positions
P. ~~. ., 1301, a second set of commanded positions
1302 P, /~P, . which represents the desired positions

cmd

where a notch 1s meant to be felt, a set of comparators 1303
and 1306 and a set of PID loops as described in FIGS. 12,
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1304 and 1307, wherein loop 1304 consists of primarily the
differentiation function (K, and K, are set to zero in FIG. 12)
and wherein loop 1307 has non-zero parameters for K and
K.. The lever position P,_ . 1313 1s also sent to a compare
logic function 1308 which looks at whether the lever is
inside a predefined notch window. It the position 1s within
the notch window the compare function allows PID function
1307 to determine the signal output through switcher 1305.
If however the lever 1s not within the notch window, the
compare function 1308 switches to the PID function 1304.
By setting diflerent PID parameters for the loops 1304 and
1307 the motor resistance can feel very different which
creates 1n turn the feeling that the lever has hit a notch.

FIG. 14 1illustrates a haptic system 1400 in a further
embodiment using the G(x) function in FIG. 12. A human
hand 1401 pushes against a joystick lever 1402, which 1s
connected to a joy stick motor 1403. The joy stick motor
1403 1s 1n turn outfitted with a position encoder feedback
system 1404. The position P, of the joystick lever 1402 1s
sent to a converted K, 1409 which outputs a velocity
command V__ ., to a robot arm controller 1410. The robot
arm controller 1410 moves the robot arm 1407 which in turn
pushes against a compliant material 1412 which results in a
signal being generated by a strain gauge 1408 incorporated
in the robotic arm 1407. The signal from the strain gauge
1408 1s amplified by converter 1406 resulting 1n a current
command 1411 I__ . to the haptic feedback controller 1405.
This haptic controller in turn 1imparts a current through the
motor 1403 resulting 1n the operator feeling a vibration or
counterforce.

Having thus described several illustrative embodiments, it
1s to be appreciated that various alterations, modifications,
and improvements will readily occur to those skilled 1n the
art. Such alterations, modifications, and 1improvements are
intended to form a part of this disclosure, and are intended
to be within the spirit and scope of this disclosure. While
some examples presented herein imvolve specific combina-
tions of functions or structural elements, those functions and
clements may be combined 1n other ways according to the
present disclosure to accomplish the same or different objec-
tives. In particular, acts, elements, and features discussed in
connection with one embodiment are not intended to be
excluded from similar or other roles 1n other embodiments.
Additionally, elements and components described herein
may be further divided 1nto additional components or joined
together to form fewer components for performing the same
functions. Accordingly, the {foregoing description and
attached drawings are by way of example only, and are not
intended to be limiting.

While example embodiments have been particularly
shown and described, it will be understood by those skilled
in the art that various changes in form and details may be
made therein without departing from the scope of the
embodiments encompassed by the appended claims.

What 1s claimed 1s:

1. A motor control module, comprising;:

an amplifier subsystem configured to drive a motor and
output motor data indicating status of the motor;

a profile generation subsystem configured to 1ssue motor
control commands to the amplifier subsystem, the
profile generation subsystem further configured to 1)
generate motor summary data based on the motor data,
and 2) selectively output an error signal based on at
least one of the motor data and motor summary data;
and

a local sub-host configured to generate module summary
data based on the motor summary data, the error signal
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and profile generation subsystem status data, the local
sub-host further configured to forward the module
summary data to a motor control host.

2. The module of claim 1, wherein the amplifier subsys-
tem 1s further configured to generate the motor data based on
at least one measured value of the motor.

3. The module of claim 2, wherein the motor data, motor
summary data and measured value include at least one of
motor temperature, motor winding temperature, average
temperature, deviation of temperature and temperature driit.

4. The module of claim 2, wherein the motor data, motor
summary data and measured value include at least one of
motor current, average current, deviation of current and
current driit.

5. The module of claim 2, wherein the motor data, motor
summary data and measured value include at least one of
motor position, position error, cumulative position error,
motor velocity, velocity error, cumulative velocity error,
motor acceleration, acceleration error, cumulative accelera-
tion error, an amplifier component temperature, motor
torque, motor jerk, a resonant frequency of the motor, and
motor motion completion time.

6. The module of claim 1, wherein the motor data includes
temperature data of the motor.

7. The module of claim 1, wherein the amplifier subsys-
tem includes a current sensor configured to measure a
current at the motor and output current data to the profile
generation subsystem.

8. The module of claim 7, wherein the motor summary
data includes at least one of average current, deviation of
current and current drift based on the current data.

9. The module of claim 1, wherein the motor data includes
indications of temperature and current of the motor, the
proflle generation subsystem further configured to 1) deter-
mine whether the temperature and current exhibit a drift, and
2) selectively output the error signal to indicate the drift.

10. The module of claim 1, wherein the profile generation
subsystem includes a current loop unit, a position loop unit,
and a profile generator.

11. The module of claim 10, wherein the current loop unit
1s Turther configured to generate current summary data based
on measured current at the motor, the motor summary data
including the current summary data.

12. The module of claim 10, wherein the position loop
unit 1s further configured to generate position summary data
based on measured positions of the motor, the motor sum-
mary data including the current summary data.

13. A method of operating a motor control module,
comprising;

at an amplifier subsystem:

driving a motor; and
outputting motor data indicating status of the motor;
and

at a profile generation subsystem:

1ssuing motor control commands to the amplifier sub-
system:

generating motor summary data based on the motor
data; and

selectively outputting an error signal based on at least
one of the motor data and motor summary data;

generating module summary data based on the motor
summary data, the error signal and profile generation
subsystem status data; and

tforwarding the module summary data to a motor control
host.
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14. A method of operating a motor control module,
comprising;
at an amplifier subsystem:
driving a motor;
generating motor data indicating status of the motor; >
and
generating motor summary data based on the motor
data; and
at a profile generation subsystem:
1ssuing motor control commands to the amplifier sub-
system;
receiving at least one of the motor data and motor
summary data from the amplifier subsystem; and
selectively outputting an error signal based on at least

one of the motor data and motor summary data;
generating module summary data based on the motor
summary data, the error signal and profile generation
subsystem status data; and

forwarding the module summary data to a motor control
host.

15. A method of operating a motor control module,

comprising;

receiving first motor data indicating status of a motor;

calculating, at an amplifier subsystem, motor summary
data based on the motor data;

determining, at a profile generation subsystem, whether
the motor data exhibits a drift based on the motor
summary data; and

selectively outputting an error signal based on the drift.

16. A motion system, comprising:

a {irst motor control module imncluding a first position loop
configured to recerve position encoder data from a first
motor and a second motor, the first motor control
module configured to control the first motor based on
the position encoder data from the first and second
motors; and

a second motor control module including a second posi-
tion loop configured to receive the position encoder
data from the first and second motors, the second motor
control module configured to control the second motor
based on the position encoder data from the first and
second motors.

17. The system of claim 16, wherein the second motor 1s

integral to a manual controller, the second motor being
configured to 1) generate haptic feedback to a user, and 2)
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generate the position encoder data of the second motor as a
function of a manual mput by the user.

18. The system of claim 16, further comprising:

a sub-host configured to generate motor control com-
mands to the first and second motor control modules:
and

a transform module configured to inverse transform a
measured torque of at least one of the first and second

motors and forward a transformed measured torque to
the sub-host.

19. The system of claim 18, further comprising:
a first motor subsystem including the first motor control

module and a third motor control module configured to
control a third motor based on the position encoder data
from at least one of the first and second motors; and

a second motor subsystem including the second motor

control module.

20. The system of claim 19, wherein the second motor
subsystem further includes a fourth motor control module
configured to control a fourth motor based on the position
encoder data from at least one of the first and second motors.

21. A method of operating a motor control module,
comprising;

at a first processing block in a processing chain:

receiving first motor data indicating status of a motor;

calculating at least one of a mean and a standard
deviation of the first motor data:

storing the first calculated data as a first stored value;

waiting a set period of time;

receiving second motor data indicating status of a
motor;,

calculating at least one of a mean and a standard
deviation of the second motor data;

storing the second calculated data as a second stored
value;

determining 11 a drift from the first stored value has
occurred; and

outputting first summary data, the first summary data
indicating at least one of the mean and a drift from
a stored status value; and

at a second processing block in the processing chain:

receiving the first summary data indicating drift of a
motor; and

determining an error action based on the dnit of a
motor.
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